3D structure of Escherichia coli SPBP (spermidine/putrescineTokyo 169, Japan binding protein) was predicted to be similar to that of MBP 3 To whom correspondence should be addressed (maltose-binding protein) by Matsuo and Nishikawa (1994a) We propose a new assessment, called the best-five test, for and this was recently confirmed by X-ray crystallographic the pseudo-energy potential empirically derived from the analysis by Sugiyama et al. (1996). Also, a structural similarity protein structural database. The object of the test is between the β-subunit of F 1 -ATPase and the recA protein was the three-dimensional (3D) profiles of proteins, which are predicted (Amano et al., 1994) and confirmed by X-ray analysis directly connected to the pseudo-energy potentials. In the (Abrahams et al., 1994). In the latter case, however, the 3D-3D profile, the fitness of each amino acid type is ranked at 1D compatibility method provided one more candidate, PFK each residue site of a protein. A site whose native residue (phosphofructokinase), with a comparable score to that of type is ranked within the best-five out of 20 amino acids recA, both of which have almost the same secondary-structure is regarded as satisfactory and the ratio of the satisfactory pattern along the chain and yet different spatial topologies. sites over all the sites of all the proteins examined is
Introduction
, is said to be very difficult to pass (Ouzounis et al., 1993; Wodak and Rooman, 1993;  The difficulty in predicting the unique three-dimensional (3D) Kocher et al., 1994; Maiorov and Crippen, 1994) , because the structure of a protein from its sequence has recently been sequence database is scanned against the structure of a given alleviated by knowledge-based, 3D (structure)-1D (sequence) protein to pick out exclusively all homologous sequences, compatibility methods. The basic methodology was established without false positives. This kind of search involves complicwith the pioneering work by Bowie et al. (1990 Bowie et al. ( , 1991 , Sippl ated factors, such as evaluation functions, alignment allowing (1990) and Jones et al. (1992) and further developments and gaps and the definition of homologues or non-homologues, so applications have been attempted by a number of investigators it is not straightforward to identify which factor is the most (Hendlich et al., 1990; Godzik and Skolnick, 1992 ; Goldstein responsible if the test fails. et al., 1992; Maiorov and Crippen, 1992; Bryant and Lawrence, In this paper, we propose a novel and simple device, called 1993; Nishikawa and Matsuo, 1993; Ouzounis et al., 1993;  the best-five test, for assessing the compatibility functions. Wilmanns and Eisenberg, 1993; Bauer and Beyer, 1994; Bowie The object of the test is the 3D profile originally developed and Eisenberg, 1994; Kocher et al., 1994) . This kind of by Bowie et al. (1991) , which is deduced from the protein 3D approach has worked successfully for detecting the correct 3D structure for a protein with a similar function and therefore structure and yet characterizes the 3D structure on a two-3D profile is fed into the dynamic programming procedure to obtain the optimal alignment of the structure with any sequence (Bowie et al., 1991; Wilmanns and Eisenberg, 1993; Matsuo and Nishikawa, 1994b ), yet the 3D profile itself has interesting features. For example, if the compatibility function is properly defined, the 3D profile table represents the relative stability of all possible point mutations against a wild type protein (Ota et al., 1995) . The best-five test is relevant to this feature. As the 20 amino acids are ranked according to their compatibility scores at each residue site, they are sorted from left to right on the 3D profile table (Figure 1b) . In this rearranged table, the amino acid type of the native sequence is expected to occupy one of higher rank positions, but not necessarily the top, at each residue site. Thus, we expect a high probability of finding the native amino acids within, say, the best-five positions for all residue sites of a protein. The actual ratio of the sites occupied by the native amino acids within the best-five positions in the ranking, however, may depend on the quality of the compatibility function used in the calculation. For instance, it sometimes happens that a particular amino acid residue, for example, tryptophan, is almost always at the top position, irrespective of differences in the structural environment (Godzik, 1995; Sasai, 1995) . In such a case, the above ratio, or the best-five score expressed as a percentage, should be low, implying that the compatibility function is ill-defined. This score measures the relative efficiency of the compatibility function, so that one may use also an alternative scale of either the best-one, best-three, etc.
This test is easy to perform and the computation is rapid, even for a library of known 3D structures tested at once. We examined our pseudo-energy potentials by applying the bestfive test to various modifications of the definitions, in order to select the optimum set. Furthermore, the refined set of potentials was applied to the fold recognition of non-native, distantly related proteins to confirm the real efficiency of the potential function obtained through the best-five procedure. The flow of the description can be outlined as follows.
Materials and methods Outline
its compatibility with the structural environment. This procedure is repeated 1. Selecting the PDB structure data to make the empirical for every site in the structure. The results are tabulated in a profile table (b) . The example in this table was constructed from sperm whale myoglobin pseudo-energy potential and for the targets of the beststructure (PDB code: 1mbd). The profile table for the first 20 residue sites five test.
(one row corresponding to one site) is shown, which consists of columns of 2. Setting up the subject about the definition of the pseudothe length equal to the total number of residue sites in the structure. In the energy potential. the third column and highlighted in the profile table) at each site is 6. Judging the subject according to the results of the bestindicated along the sixth column, as can be confirmed in the profile table. Those residue sites marking positions 1-5 in the ranking contribute to the five test.
best-five score. The local conformational state (fifth column) indicates
In this paper, once the PDB data were selected (step 1), the which residue sites are, for instance, involved in an α-helix (state a). The hydration class (fourth column) indicates the extent to which each residue above steps were repeated for each subject and finally we site is exposed to the solvent (1 is the most) or buried inside (9 is the selected the best function among the candidates considered. most).
Detailed descriptions about each step (italicized words) are presented in the following. PDB structure data dimensional array. The total 3D profile is expressed as a 20ϫN table, where N is the number of residues of the structure In this study, we used 101 proteins, which were selected previously [see Table III in Nishikawa and Matsuo (1993) ]. (Figure 1 ). Placing each of the 20 amino acids at each position, its compatibility with the surroundings is quantitaTheir sequences are mutually dissimilar, with less than 30% sequence identity and their structures have been resolved to tively estimated and listed in the 3D profile table. Usually the be interacting toward their backbone (Matsuo et al., 1995) . 
Repulsive Introduction into the combined function Effective
(1)
When we consider these two directions at the same time, the number of considered states is four, but the coupling of better than 2.5 Å. Because of the newer version of PDB the two variables in the argument cannot be simplified into entries, 2tim was replaced by 7timB. Among the 101 proteins, one (the last equality of Equation 1 is not realized). In this 25 proteins were selected to be tested: 2ovo, 1ctf, 1hoe, 1lrd3, manner, we can introduce several state numbers for the side5hvpB, 2rnt, 1fd2, 2ssi, 2trxA, 4bp2, 1paz, 7rsa, 1lz1, 2sns, chain interacting directions. In this paper, we tested the 1fx1, 2sodO, 1mbd, 9wgaA, 1bbpA, 2sga, 3gapA, 9pap, 4ptp, following five cases, in which the number of the states is 1 2cna and 7timB. In the previous study (Matsuo et al., 1995) , (none: the interacting directions are not considered), 2 (say these proteins easily passed the Sippl test and we considered Top: T and Bottom: B. Top means cosθ is positive. Bottom them to be good models for the standard proteins. The pseudomeans cosθ is negative), 3 (say Top: T, Side: S and Bottom: energy potentials were prepared from 101 proteins, but the B. Top means cosθ is Ͼ1/3. Side means cosθ is between 1/3 data of the protein being tested were removed in the calculation and -1/3. Bottom means cosθ is Ͻ-1/3), 4 [(T, B)ϫ(T, B), (i.e. Jackknife protocol).
here ϫ means the direct product] and 9 [(T, S, B)ϫ(T, S, B)].
Subjects and candidates for the definition of the pseudo-
Another point is the introduction of the contacting probability energy potential of the residue pairs into the definition (Matsuo and Nishikawa, We considered the pseudo-energy potential to consist of four 1994b). The existence of a residue pair within a short distance terms: side-chain packing, hydration, hydrogen-bonding and does not always guarantee their actual interaction and the local conformational function. The subjects set up for each contact conditions would be different with the residue pairs. term are summarized in Table I . After the selection of their Contact is judged when at least one pair of side-chain heavy individual best definition, their combined function was tested.
atoms is within a 5 Å distance. The full description of the Finally, as a supplement, the repulsive energy term, added function is to the side-chain packing potentials, was tested. Detailed
jects and candidates of the definition, are given as follows. f s (r) The minus average operation (MAO) is an important concept (2) in this study and it was tested on every modification of the potentials. Hence a special section is included to explain it in where P c ab (r, d a , d b ) is the contact probability of a residue pair more detail. How the final choices in Table I were attained is ab with the distance r and the interacting directions d a and d b ; described in the Results section.
n d is the number of interacting directions under consideration.
number of the residue pair ab, which contacts with the distance This function is basically represented by the distance between r and the interacting directions d a and d b . N all ab is the number two side-chain positions located more than five residues apart of residue pairs ab observed within the distance 10Å. f s (r) ϭ along the chain, as well as their amino acid types (Nishikawa N c (r)/N p all , where N c (r) is the number of residue pairs in contact and Matsuo, 1993). The side-chain atoms are approximated by at the distance r and N p all is the total number of residue pairs a single entity, called the virtual side chain, but we have a observed within 10 Å. RT is taken as 0.596 kcal/mol. Therefore, few choices for its location. Many researchers put the center the scores are translated into the energies provisionally. In this of the side chain at the C β position for simplicity, but Kocher article, the unit kcal/mol is used in this sense. Equation 2 is et al. (1994) reported that the choice of the side-chain centroid the example that we adopt for the pairwise interacting direction (C µ ) is preferable to C β . We therefore compared these different (either four or nine states). When we adopt the other cases, choices for the side-chain position by the best-five test.
f s ab and P c ab are represented more simply, using the second The function of the simplest form, represented by the equation in Equation 1. We compared this definition with the distance and the residue pair, cannot distinguish the relative ordinary one which does not consider the contacting probability positions of the interacting side-chain atoms with the same and the interacting direction, distance and the same residue pair. However, the positions of two residues facing each other or in the opposite direction f s ab (r) seem considerably different, even if they have the same dG s (Singh and Thornton, 1990) . Many side chains would given by Kabsch and Sander (1983) , were classified into three types according to the residue interval (k) along the chain between the bonding residues. If the ith residue of O and the jth residue of N form a hydrogen bond, the interval is k ϭ ji. Previously (Nishikawa and Matsuo, 1993) , the cases of k ϭ 3, 4 and others were considered and they were independently normalized. In this paper, we added the case of k ϭ 2 and normalized them at once. It is the merit of this normalization that we can compare not only the efficiency of the same hydrogen bond in different residue pairs, but also the efficiency of the same residue pairs with different classes of hydrogen bonds. The function is given as
is the number of the residue hydrogen bonds of the type k and N p all is the number of the appearance of all the residue pairs.
There are many free bonds for O and N, which would be where f s ab (r) and f s (r) are the probabilities of residue pair ab hydrogen bonding with water or side chains. We refer to them and all the residue pairs being observed at the distance r, as being in the free state. This type of hydrogen bond was respectively.
neglected so far (Nishikawa and Matsuo, 1993; Matsuo and In all the definitions in this paper, the correction of sparse Nishikawa, 1994b) . The efficiency of hydrogen bonding with data was adopted in the same manner as by Sippl (1990) and side chains or water is newly introduced as a function of the Nishikawa and Matsuo (1993) .
residue type for each proton donor and acceptor as Hydration function. The hydration energy is defined as a f h a (k; p) function of the residue type, with the preference of the number dG h
(7) of heavy atoms ( H) within the distance 8-12 Å around C α , f h (k; p) designated as N8-12 (Nishikawa and Matsuo, 1993) . Here, where
is the number of the the method of counting the number is modified as follows. As residue type a and the proton donor or acceptor type p. To illustrated in Figure 2 , the counting of the heavy atoms was make the formalism similar to Equation 6, k ϭ free is written limited to the half shell divided by the plane whose normal as an argument, but it is constant in this case. N a all is the vector points in the C α to C β direction (say, Top shell). The number of appearances of residue type a. f h (k; p) ϭ N h (k; p)/ function created by this counting is to be compared with that N t all , where N h (k; p) is the number of all the residue types with of the ordinary counting, i.e. not considering the direction (the k ϭ free and the proton donor or acceptor type p and N t all is Whole shell) and that of the opposite counting (the other half the number of appearances of all the residue types. of the shell: Bottom shell). The function was given as
With the introduction of the free state, the function became
the combination of Equations 6 and 7, but if we apply Equation
7 to the classes of 2, 3, 4 and others, the formulation is f d (S) simplified and the function is represented only as the amino where S N is the state of the hydration classified by the number acid type. We also test this simple formulation. of heavy atoms around the residue considered.
is the number of type a residues, which are a single residue was classified into five states (a, g, b, e, l) categorized to the hydration class S N . N a all is the number of according to its position in the φψ space (i.e. the Ramachandran observations of residue type a.
all , where plot) (Nishikawa and Matsuo, 1993) , as well as the secondary
is the number of all the residue types categorized to structure, as judged by the definition of Kabsh and Sander the hydration class S N and N t all is the number of observations (1983) . State a is assigned for a residue in an α-helix and b of all residue types. The state S N is categorized into nine for a residue in a β-strand. States g, e and l are all for residues classes as in coil conformations, but their dihedral angles are within the α R , extended, or in the other regions, respectively.
In a previous paper (Nishikawa and Matsuo, 1993) , this S n ϭ 9, n ജ 80 function was represented cleverly as the pentapeptide conformations around the considered residue as where N is the number of heavy atoms and int(x) means the greatest integer not larger than x. 
and 
ϩ a large side chain into a small volume site. This may be due to the weak penalty arising from the poor statistics, while we dG a h, i ϩ dG a
did not observe any atoms within the short distance, e.g. C β -C β distance shorter than 2 Å. It is difficult, however, to take where dG a h, i ϭ dG a, p h, i ϭ dG a, t h, i and dG a tot, i is used as the directly into account the collision effect between two side element of the 3D profile matrix as shown in Figure 1b . chains because the side chain conformation beyond C β atom is not explicitly considered in this study. However, it is possible Minus average operation to consider it, still indirectly but in a more reasonable way,
The minus average operation (MAO), re-normalization of the between a side chain and backbone atoms, N, C α , C and O, pseudo-energy function, claims that the amino acid fitness to as well as C β . We added manually the soft repulsive function a site should be determined by reference to the fitness to the dG r (whose value is zero or positive for any distance, r) so as other sites (Ota et al., 1995) . In this operation, after deriving to avoid damaging the cases of the native sequences and the 3D profile, the average energies of each residue type to treated it as a supplement of the side-chain packing function all the sites are calculated: (see also Appendix). The parameters were adjusted in a trial dG a D ϭ 〈dG i a 〉 (20) and error manner and the resulting function was zero in almost all of the cases of the native sequences. Adding this term, where dG i a is the fitness score of residue type a to a site Equation 11 is rewritten as environment i and 〈 〉 means the average over all the sites of all structures considered. Since the average energies are dG tot ϭ dG s ϩ dG r ϩ dG d ϩ dG h ϩ dG l (12) obtained by placing the each amino acid into the almost unfamiliar sites, they are the average energies in a random Since this term is different from the other terms, all of which have been derived from the statistical frequency of the observed environment. In this sense, we can regard this value as the The best-five test
The fitness ranking of the native residue type to its site passing sites to the total number of sites:
B5% ϭ number of passing sites/number of all sitesϫ100 When the MAO is not applied, the deviation from the mean ∆Rank (see Table III ) becomes large; extremes are 〈Rank〉 (22) values of 1.97 and 2.88 for Trp and Phe, respectively, implying The best-five score is an indicator for selecting a better that these amino acids almost always occupy the best or the parameter set, with which the 3D profile is constructed.
second best positions in the profile to a given structure, in a non-biasing manner. points to define the side-chain packing function in the best
The score in Table II increases slightly with the number of way: how to put the center of a side-chain, how the interacting ID, yet the case of 4 (instead of 9) is the best for both sidedirection (ID) should be defined, whether the MAO is to be chain types. A possible reason for this is that these two applied to the 3D profile calculation or not and whether the effects, MAO and ID, do not contribute independently to the probability of the side-chain contact should be included or improvement and they may offset each other. Among all of not. Among them, the application of MAO turned out to have the results, the case of the C µ side chain with 4 ID and with the most drastic effect on the results evaluated by the best-MAO gives the best score, 51.7%. Therefore, we will employ five score. Without this treatment, the best-five score, averaged this type of pseudo-energy as the side-chain packing potential. over 25 proteins examined, ranged from 27 to 34%, depending A simple definition for the side-chain packing interaction on the choice of the other factors. These values are poor, only potential represented in Equation 3 was also tested. Using no slightly better than the random level (i.e. 25% given from ID with the C µ side chain, the best-five scores with MAO are 5/20ϫ100%). Once the MAO was applied to the 3D profile 41.1%, which should be compared with the corresponding calculation (only the side-chain packing term used here, scores obtained with Equation 2, i.e. 48.3% (Table II) . The however), the score increased to~50%, as shown in Table II. clear inferiority of the former value led us to conclude that The choices of the side-chain position at the C β atom or the the consideration of the real side-chain contact (Matsuo and side-chain centroid (C µ ), as well as the ID, provide no large Nishikawa, 1994b) is important. changes in the best-five score (Table II) , yet the best choice would be the C µ side chain with ID of (T, B) 2 .
Hydration function. The results are presented in Table IV , in which the heavy atom counting regions are indicated by Top, Fixing all the conditions at the best, the ranking position of each amino acid in the 3D-profile table is compared in Table  Bottom and Whole (see also Figure 2 ). Whether or not we adopted MAO is indicated by ϩ or -in the MAO column. III, where the 20 amino acids are sorted with the average ranking position. As can be seen, the average ranking position
The highest best-five score is obtained when the counting is limited in the Top shell region with MAO. The effect of this 〈Rank〉 is not different from the mean of 10.5 (at the bottom) for any type of amino acid: the ideal value of 〈Rank〉 is 10.5 counting is clear if one looks at the results for the Bottom region (Table IV) . They are slightly better than the random because each type of amino acid should experience all possible environments, from one site to another, in the profile table. level (25%), suggesting that the heavy atoms in the Bottom however, has the least energy difference between the best and the native residue types. Regardless of whether or not we consider the reason why MAO does not work for this function. The standard deviations of the average rank position of each amino acid type are 0.86 and 1.35 with and without MAO, region are not related to the propensity of the hydration, as expected. Since the Whole counting contains this Bottom respectively, for the pentapeptide function. As seen in the side-chain packing function, MAO relieves the high rank counting as the noise, the score of the Whole is inferior to that of the Top counting.
concentration of specific residues, but the deviation without MAO itself seems close to the corrected deviation in Table III MAO does not have a drastic effect on this function, as compared with the side-chain packing function. The gain of (1.03). In such a case, the effect of MAO would depend on the situation. The average rank positions of special residues, the best-five score is small (a few per cent in each case), because the residue types that consistently occupy the higher such as Pro and Gly (secondary-structure breakers), vary from 14 to 12 and from 14 to 12.7, respectively, as MAO is applied. rank positions, such as Trp or Phe in the side-chain packing function, are not present in this function. According to the These changes towards the mean of the ranking, 10.5, seem to be indicative of the improvement. However, considering score table of Top counting [not shown, see Ota (1996) ], the hydrophobic residues prefer to be buried in the protein molecule the special roles of Pro and Gly in the local conformation (e.g. they fit in certain types of loop conformations, but not and dislike exposure to the water. Also, the hydrophilic residues have lower energies if they are exposed. The energy function in an α-helix or a β-strand), these residues are ranked high at some limited sites, but are ranked low at many other sites. of each residue type agrees well with our proposal.
Therefore, on average, their rank positions should be below Hydrogen-bonding function. The results for the pairwise and 10.5. The overestimation of these residues might be the reason residue-type hydrogen-bonding functions are presented in Table  for the inferior results. V. Whether or not we consider the free state is indicated by ϩ and -, respectively, in the Free column. Here, the best-five Combined function. We combined the best functions selected from each term to test the efficiency. The selected forms are score is defined differently from Equation 22, because it cannot be applied to such a case in which the fitness of the free state a side-chain packing function with the C µ side chain and four interacting directions considering the contact probabilities in is not taken into account. The first definition of the score is that these sites are eliminated from the calculation (EC), i.e. the normalization, a hydration function in which the counting region is limited to the Top shell, a hydrogen-bonding term of not counting them in both the numerator and denominator of Equation 22 . The second is the normal definition (NR) as in a pairwise type function considering the free state and a local conformational term of the pentapeptide type function. Equation 22, which is available only when we adopt MAO. The types of definitions are represented on the DEF column MAO was tested by application to the whole function, whether combined or not, because MAO implies that the in the case where Free is -. In addition to the best-five scores, the average energy differences between the best and the native fitness score should be re-normalized against the energy level of the random environment (Ota et al., 1995) . The best-five residue scores are also presented in the case of Free being ϩ. the interaction direction, contact probability or the additional RN is the total number of residues. The sum of RN and the number of repulsion, although keeping the MAO applied to the potenproteins are in the ALLs and ALLp rows, respectively, in the RN column.
tial function.
〈Nrank〉 is the average of the native residue rank position. 〈D(∆G 1N )〉 is the
The scores in Table VIII were estimated in the following average of the energy difference between the best-fit and the native amino acids.
manner. For a pair of homologous proteins, a 3D profile table was constructed with using a structure of one protein (referred It is the highest value in all the cases and thus the validity of to as the query structure), then the best-five score (B5%Ј) was the combined function is confirmed. The score gains a few estimated for a query sequence of the counterpart, using the per cent from that of the side-chain packing function, indicating 3D profile. Thus, it should be noted that a query sequence and that it is the main contributor. Without MAO, ALLs and ALLp structure corresponds to different proteins in this test (see the decrease to 50.9 and 51.8%, respectively, showing that MAO first and second columns of Table VIII) . Likewise, the 3D-is effective. ALLp is higher than ALLs in both cases. This 1D compatibility score for a query sequence mounted on implies that the best-five test is more difficult for longer the query structure (according to the FSSP alignment) was proteins. Perhaps the small proteins have sequence adaptations estimated with a given set of potential functions. Here, the to enhance their stability and to maintain their structures. compatibility score (SDЈ) is a standardized score, expressed in the SD (standard deviation) unit. This is necessary to Repulsive function. The best-five score of the combined funccompare the efficiencies of different sets of potential functions. tion with the repulsive function as well as MAO is presented
In order to convert the absolute compatibility score to the in Table VII for each sample protein. The results are significstandardized score, the distribution of scores for a large number antly better than those without the repulsive function. Although of samples should be known. We performed the forwardthe increase in the score is not very large in each protein, 21
folding search: the structural library [containing the 40 query of the 25 proteins increased and only two proteins decreased structures plus the 101 structures in Table III of Nishikawa  their scores. and Matsuo (1993) ] was scanned with a query sequence to To see this in more detail, we examined what types of obtain 3D-1D compatibility scores evaluated with a given set improvements happened at individual sites. Those sites that of potential functions. The scores were then normalized by newly passed the best-five test upon the addition of the using the mean and the standard deviation. repulsive term were picked out from several proteins (not All the results are summarized in Table VIII , where the shown; Ota, 1996) . In many cases, the sites occupied by small best-five score (B5%Ј) and the compatibility score (SDЈ) amino acids in the native sequence, especially Gly, improved evaluated with the three different sets of potential functions the ranking to allow passage of the test. Before adding this are listed. The average scores over all 40 samples, given on term, the higher rank positions of these sites were occupied the bottom row, indicate that the final set of potentials is best by medium or large sized resides, which were penalized lower and set 2 (Function 2) is worst in terms of both the best-five in the ranking by the term. These results indicate that the and compatibility (a larger negative is better in our definition) collision between the side chain and backbone atoms is scores, while the efficiency depends on each sample. In Figure  reasonably assessed by this repulsive term when a small residue buried in the interior is replaced by a larger residue.
3, all the samples are plotted against scores of B5%Ј and SDЈ. The query sequence of a protein (first column) was compared with the query structure (3D profile) of its homologue (second column); id% is the sequence identity between the pair. The best-five score (B5%Ј) was estimated by placing the query sequence on a 3D profile table of the query structure. The 3D-1D compatibility score (SDЈ) was evaluated by mounting the query sequence on the query structure. The average scores are denoted in the bottom row.
Although the distribution of points is somewhat wide, a clear Discussion (negative) correlation can be seen between the two kinds of
We have proposed a new assessment of the empirical pseudoscores (the correlation coefficient is -0.47). This implies that energy function, called the best-five test, and applied it to our such a potential function yielding a higher best-five score also functions. The test uses the 3D profile that is directly related tends to be more efficient in the fold recognition. Thus, we to the pseudo-energy function. The results are measured by can say that the best-five test, although simple, is really the rate of the passing sites, called the best-five score. This effective in improving the compatibility function.
test is sensitive in the sense that it can differentiate good In addition, we also carried out an ordinary comparison of definitions of pseudo-energy functions from bad ones, in more the native sequence vs the native structure, using the same 40 detail than the tests employed so far. The test is a new use of samples. The best-five score (B5%) and the compatibility score the 3D profile, in addition to the ordinal usage in threading (SD, in parentheses) are, on average, 53.4% (-4.60), 49.3% (both the sequence and structure recognition) problems, crystal (-4.19 ) and 51.8% (-4.38 ) measured with the three sets (final, structure assessment (Lüthy et al., 1992; Sippl, 1993) and the 2 and 3) of potentials, respectively. The order of the scores is stability analysis of mutant proteins (Ota et al., 1995) . By the same as the previous cases estimated in B5%Ј and SDЈ.
using the test, we have selected a better definition for each of This coincidence reconfirms the usefulness of the best-five the four functions we considered. The final choices of the definitions obtained by this test are summarized in the last test. column in Table I, where the queries raised in the table are specific only in recognizing the native structure for a sequence of the same protein. This issue was checked in the last part answered. Detailed descriptions about the selected functions can be found in Ota (1996) . of the Results section, where the sequence of a distantly related homologue of a query, instead of the native sequence of the There is, however, a possible pitfall in the present procedure as follows. The compatibility function refined through the query, was subjected to the best-five test as well as the foldrecognition test. The results (Table VIII and Figure 3) showed best-five test would be biased toward such a function that is that the compatibility function selected through the best-five test (using native proteins) also works on non-native proteins and also that the best-five score, in general, increases as the fold-recognition score becomes better. These results could deny the biasing effects mentioned above. Among the various improvements attained through the bestfive test, the most significant was the effect of the MAO. Especially, the side-chain packing function was drastically improved with this operation (Table II) . This operation moves the standard level of the amino acid residue energy from zero to the random-environmental energy, implemented as the virtual-denatured energy. Similar adjustment procedures for the score function were reported in a recent paper by Rooman and Wodak (1995) . This is similar to the 'composition-correct' technique of Bryant and Altschul (1995) , where a sequence mounted on a structure is randomly shuffled to determine the distribution of scores. Also, various trials of normalizations were analyzed and reviewed by Godzik et al. (1995) . The present study showed the importance of this kind of normalization procedure, in a quantitative way. Table VIII shows that various kinds of improvements introduced in the definition of the side-chain packing function are easily overthrown by the application of MAO or not (compare the columns of Functions 2 and 3). The repulsive function for the residue type a is represented as (Figure 4) , the distance r is measured in a different way as follows.
The shape of an aromatic side chain is approximated by an ovoid represented by the cross volume of two spheres, as shown in Figure 5 . The side chain centroid C µ , the third Fig. 4 . Distortion in the observed distribution of the side-chain atoms. The eigenvector V 3 and the eigenvalues E s and E ml are all distribution of all the heavy atoms for each residue type was analyzed for determined from the distribution analysis of real aromatic side the 101 proteins. E ml and E s are the eigenvalues obtained by the principal component analysis (see also Table X ). E ml is the average of the first and chains (listed in Table X) . E s and E ml determine the shortest second eigenvalues and E s is the third eigenvalue. They are scattered on the and longest distances from the side-chain centroid to the side-E ml /E s and E ml -E s plane. Black and white diamonds indicate aromatic and chain surface, respectively ( Figure 5 ). The radius of the sphere other residues, respectively.
(L ϭ BF) is calculated considering the right-angled triangle C µ BF as third eigenvalue, E s , and the mean of the first and second E ml 2 ϩ E s 2 eigenvalues, E ml . They are scattered in the E ml /E s and E ml -E s L ϭ (A2) plane, as shown in Figure 4 . The aromatic residues Trp, Tyr, 2E s Phe and His make a cluster in the upper middle portion of this figure: the ratio of the eigenvalues (E ml /E s ) is about 2.5 and their difference (E ml -E s ) is 1 Å. As the distance dependent where B is the cross line of two spheres and F is the center of a sphere. The position F can be calculated from V 3 , E s and potential for the side-chain packing function was defined with 1 Å increments (Sippl, 1990; Jones et al., 1992; Bryant and L. In the same way, the center of the other sphere (FЈ, not shown) can be derived. The distance r in Equation A1 for an Lawrence, 1993; Nishikawa and Matsuo, 1993) , this difference is not negligible: it is preferred that the side-chain packing aromatic residue is defined as the shortest distance from the ovoid surface to a given backbone atom. It is given by the function for the aromatic residues reflects the distortion. This effect is partly taken into consideration in the repulsive distance between F (FЈ) and the backbone atom minus L. The r c values (for either the N, C α or C atoms) of the aromatic energy term. residues are 2.6, 2.5, 2.1 and 2.0 Å for His, Phe, Tyr and Trp, respectively, whereas the r c for the O atom is treated in the same way as mentioned for other residues.
Detailed descriptions for each term of the pseudo-energy potentials, as well as the set of parameters finally selected in this study, were described by Ota (1996) and functions (numerical score tables) are available on request from mota@genes.nig.ac.jp.
